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Our quantitative 
ronment above the 

ABSTRACT 

knowledge of the Jovian atmosphere and the envi- 
atmosphere is summarized. The summary is based 

upon review and interpretation of the professional literature and will 
be revised as new observational and theoretical work is carried out at 
JPL and elsewhere. Topics covered include composition and structure 
of the atmosphere, photometric properties of the atmosphere, period 
of rotation, magnetic field, and the Jovian radiofrequency spectrum. 

""Y 

1. DEPTH OF THE ATMOSPHERE 

The low mean density of Jupiter (1.35 g/cm3) has led 
to the conclusion that most of the mass of the planet is 
composed of hydrogen. Most of the heavier metals and 
silicates are presumably settled in a dense core, while 
the bulk of the interior and atmosphere is composed of 
light elements and compounds. 

JefEreys (Ref. 1) was the first to show that, by any 
reasonable hypothesis concerning the original tempera- 
ture, the heat lost by a planet whose interior is in com- 
plete thermal communication with the surface is sufFicient 
to soliddy it. Hence, one expects a solid surface to exist 
on Jupiter. However, the opacity of the Jovian atmosphere 
is such that optical observation of this surface is impos- 
sible. Decameter radio waves (IXA) are capable of 
penetrating the Jovian atmosphere, and bursts in the 
19mc region are believed to arise from sources fixed on 
the planet. This fixed nature suggests a solid surface 
(Refs. 2, 3). 

It was generally believed that the Jovian atmosphere 
must be very thick. However, in 1934, Wildt drew atten- 
tion to the fast rate at which pressure must increase with 
depth to become sufficient to soliddy the atmospheric 
gases or at least compress them to the density of the 
liquid state (Ref. 4). Peek (Ref. 5 )  suggested that this 
level lies only about 25 km below the visible surface. How- 
ever, this value was based on too high a mean molecular 
weight of the atmosphere. Peek had assumed p = 16, 
whereas Baum and Code (Ref. 6) later found p to be 
near 3 or 4, as discussed in Section IVA. As a result, 
Peek now agrees (Ref. 7) that the figure of 25 lan may 
well be too small by a factor of 4 or 5. Assuming that 
the mean molecular weight does not vary appreciably 
with depth in the lower atmosphere, an atmospheric 
depth of about 100 Ian is implied. Peek chose a model 
(Refs. 5, 7) in which he assumed a law for the decrease 
in the lapse rate with depth and selected p = 4. From 
this, he deduced that the atmosphere would be com- 

I 
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pressed to the density of solid hydrogen (6.08 g/cm3) at 
an effective depth of between 100 and 120 km. Thus, it is 
probable that the depth of the Jovian atmosphere is really 
very shallow compared with Jupiter's radius. 

Wildt (Ref. 8) suggested that the depth of a hydrogen 
Jovian atmosphere (below 1 atm pressure) would be 
about 1% of Jupiter's optical radius; i.e., about 700 km. 
His calculation is based on a pure hydrogen and an iso- 
thermal atmosphere. The pressure of other gases will 
decrease this calculated distance considerably, whereas 
a temperature gradient acts to increase it. Pronounced 
effects of the latter are improbable, as only a subadiabatic 
temperature gradient should exist deep below the cloud 
level (see Sect. VIIIA-4). Thus, 700 km might be taken as 
an upper limit of the atmospheric depth. 

The best model seems to be that of Peek (Refs. 5, 7 ) ,  
mentioned above, where p = 4 and a lapse rate was con- 
sidered. Baum and Code's value of p = 3.5 is probably 
not off by more than 50% (see Sect. IVA). Hence, it is 
very likely that the depth of the Jovian atmosphere lies 

between 80 and 230 km below the upper surface of the 
cloud layer. More accurate knowledge of the tempera- 
ture gradient is needed to specify the depth of the 
atmosphere more precisely. One result of these calcula- 
tions is the indication that the mass of the Jovian atmos- 
phere must be negligible compared with that of the solid 
planet (Table 1). 

Table 1. Depth of the Jovian atmosphere 

Depth' 
km 

700 

230 
1 2Ob 

1 OOb 

80 

Source 

hydrogen atmosphere. May be 
on upper limit. 

Probable range set by uncertainty 
in mean molecular weight in 
Peek's model. 1.8 f p 6 5.2. 

.The depth for 700 km i s  that below a height at 1 aim pressure; the 

blikely range set by Peek's model for 
remaining values refer to depths below the cloud level. 

4. 

2 
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II. PERIOD OF ROTATION 

A. Rotation of the Atmosphere 

It was mentioned in Section I that the solid surface of 
Jupiter cannot be seen beneath the atmosphere. The 
apparent rotation of the planet is the over-all movement 
of its spotted and belted atmosphere. Observations of 
atmospheric features show that the Jovian atmosphere 
is rotating differentially, with the shortest period near 
the equator and the longest near the poles. There is also 
much non-uniformity or scatter in the periods of indi- 
vidual features, because they are continually moving with 
respect to each other in the fluid atmosphere. 

By timing the transits of various spots visible in the 
atmosphere over many periods, it was noticed that the 
portion of the atmosphere at less than loo latitude has a 
comparatively short period. This zone streams around 
the planet about 5 min faster than the regions in the 
high latitudes. The slower differential streaming which 
occurs at all latitudes is superimposed on this motion. 

Two systems of longitude (Ref. 9) have been created 
to serve as reference for the atmosphere. System I has a 
rotation period of 9" 50" 3@003 and is used as a reference 
frame for the class of objects in the fast-moving equa- 
torial stream within loo of the equator. System 11, on 
the other hand, has a rotation period of the standard 
meridian of 9h 55" 405632. It is used as a reference for 
objects lying outside the equatorial stream, and its period 
is very close to that of the Great Red Spot between the 
oppositions of 1890 and 1891. 

6. Period of the Solid Surface 

1. Observations of Atmospheric Disturbances Occurring 
at the Same Latitude 

One would expect violent disturbances on the solid 
surface of Jupiter to be manifest at the surface of the 
atmosphere in the form of local turbulence and mixing. 
If the atmosphere has a longitudinal motion with respect 
to the solid surface, these disturbances will spread out 
at a constant latitude. Suppose that at various time inter- 
vals a succession of disturbances is observed at a constant 
latitude and a succession of longitudes. If a longitude 
system, rotating beneath the clouds, can be found in which 
the longitudes at which the disturban:e first occurred 
all prove to be the same, the period of the source of the 
disturbance is determined. This, presumably, is the period 
of the solid planet, especially if there is no differential 
variation in the period with latitude or if the results give 
small residuals over a long time interval. Accuracy de- 

mands that the area of the source of the disturbance be 
small compared with the disk. Reese (Ref. 10) and Peek 
(Ref. 11) have described the results so obtained. In gen- 
eral, this method gives ambiguous results, because one is 
unsure of the identity of the sources. For this reason, it 
is difficult to decide between 9" 5Srn 42%6 and 9h 54" 52:54 
or other periods in this range. The safest policy is to 
assume an uncertainty of about 50 sec in the period 
obtained by this means. If the individual sources can be 
identified through a better determination of the period by 
decameter waves, then Reese's method might improve 
this period (because of the long time lever) to give the 
highest accuracy of all. In addition, these sources on 
Jupiter would then be mapped. 

2. Observations of Decameter Radio Emission 

This method involves measuring the bursts of emission 
over the entire visible disk at decameter wavelength. 
Because of directional effects in emission, this disk is 
reduced to a size at which reasonably localized readings 
of longitude are obtained (see Sect. IXA). Readings are 
converted into probabilities of occurrence. When these 
are plotted in System I longitude, a general smear is 
obtained. However, when they are plotted in System I1 
(over an interval of 100 days), the histograms show well 
defined maxima. This indicates that the radio source 
period lies close to that of System 11. Carr et al. (Ref. 2) 
employed this method in early 1957 using 18.0-mc waves. 
Comparison with other work done in 1951 and 1955 
increased the time lever to 5% years. The results of this 
comparison show that the maxima exhibit a uniform and 
parallel shift in their longitudinal coordinates of System 11. 
This means that the radio source is moving slowly and at 
a constant rate with respect to System 11. The period of 
this radio source was found to be 11.8 sec shorter than 
that of System 11; i.e., 9h 55" 2858. 

An error of loo in locating the maximum on the histo- 
grams will result in an error in this period of only about 
0.2 sec. Replotting the probabilities vs longitude in this 
new system (System III*) noticeably sharpens the maxima 
on all three dates. Hence, System I11 is better than Sys- 
tem I1 for plotting the radio sources. 

There is evidence that the radio sources are anchored 
to the solid part of the planet. The three major sources 

'System 111 coordinates were equal to those of System I1 on Oh U.T., 
January 1, 1957. 

3 
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tend to maintain their geographical configuration. There 
seems to be no pronounced differential effect on their 
position as there would be for three randomly located 
atmospheric sources. Observations through 1960 confirm 
this evidence (Ref. 3). Five sets of data spanning eight 
years show constancy of location of the principal noise 
source (Fig. 1). 

18 mc, 1960 

LONGITUDE CENTER OF DISC, deg 

Fig. 1. Probability of receiving radiation from Jupiter vs 
longitude of center of visible disk (from Ref. 38 

by permission from the publisher) 

However, after plotting the 1959 and 1960 data, 
Carr et al. (Ref. 3) observed a slight residual shift, indi- 
cating that a refinement of their System I11 period was 
needed. A new analysis of the data was made (Fig. 2). 
In order to avoid residuals which might arise from pos- 
sible shifting of the radio sources with frequency, it was 
decided to use only 18-mc data from all available records. 
This frequency was near the spectral maximum of the 
bursts (see Sect. IXA-1). The data employed were those 
obtained in 1951 by Shain (Ref. 12), in 1955 by Franklin 
and Burke (Ref. 13), and in 1957, 1958, 1959, and 1960 
by Carr et al. (Refs. 2,3). The corrected System I11 period 
was found to be gh 55”’ 29s35, which is very close to the 
value of gh 55’“ 29:37 derived independently by Douglas 
(Ref. 14) from a statistical analysis of the data of all pre- 
vious workers. Gallet’s (Ref. 15) result was gh 55“ 29255 
*0?02 for the System I11 period. However, this figure 
is derived from comparison of longitude profiles only 
from 1951 to 1957. The time lever is not as long as in the 
value of the period obtained by Carr et al., gh 55m 29535. 
The given error in Gallet’s period; +0”02, seems rather 
small. It depends on the system of longitude used to plot 
the bursts. Using System I1 to analyze Shain’s 1951 and 
1956-1957 data, Gallet obtained a period of gh 55m 29?70 

1960 

1958 

Y) 6 1956 
% 

i? 
W 

+ 

1954 

1952 

1950 
I80 200 220 240 

LONGITUDE SYSTEM m, deg 

Fig. 2. Drift of center of principal Jupiter radio source A 
in original System Ill coordinates (from Ref. 3 

by permission from the publisher) 

-+0?06 for 18 mc. He performed the same analysis using 
his “Provisional System 111,” which coincides with System 
I1 at Oh U.T., January 1, 1956 and has a period of gh 55”l 
29“. This figure is very close to the Carr et al. period for 
System 111. Gallet thus obtained the period gh 55” 2955 
+0:02. These two determinations differ by O”5; this 
difference is probably due mainly to the difference in 
shape of the peaks and valleys in the longitude profiles 
for the two systems. (These peaks might arise from non- 
uniformity in the scatter of the radio bursts emitted over 
several months.) The determination based on System I11 
periods is thus more reliable, because these periods are 
closer to the true period of the solid surface. Gallet also 
derives a period from his 1956-1957 data which is higher 
than that of 1951-1957 by 1.4 sec. The error of the 1956- 
1957 determination is given to be t0.25. However, Gallet 
combines the 18-mc and 20-mc data in this evaluation. 
Since the bandwidth of pulses is about 0.5 mc (Ref. 15), 

4 
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these frequencies probably give independent bursts. 3. Conclusion 
Hence, these bursts could arise from separate sources of 

mean longitude, depending on relative outburst data. 

surface is thus most likely to be 9h 55" 2955. 

Carr et al. also used frequencies near 18 mc to avoid 
errors arising from the possibility that the centers of the 

except for Shain's, were also independent of Gallet's data 
and extended over a large time span. The best value of 

I In conclusion, it is decided that the sidereal rotation different longitudes and thus yield a period of the solid surface of Jupiter lies in the range 
I Gallet's best determination of the period of the solid 9h55m29:35. 9h 55" 29.~45 &O:lO, and the best determination so far is 

I 

I 

Using this latter value to define the new System I11 
period, the longitude of the central meridian at Oh U.T. 
on Julian date J can be found from the published System 

relationship (Ref. 3) 

radio shift With fresUencY (Ref' 3). The datal 11 longitude (Ref. 9) for the Same b e  by means of the 

Carr et al. is gh 5Sm 299.5. XI11 = XI1 + 0.2747 ( I  - 2,435,839.5) 

5 
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111. PHOTOMETRIC MAGNITUDE, COLORS, AND ALBEDO 

A. Magnitude of Jupiter 
Because of the variable color patterns of the Jovian 

atmosphere, Jupiter’s magnitude is variable. The magni- 
tude in the visual region of the spectrum* is V (1 ,O)  at 
zero phase angle when Jupiter is at unit distance from 
the Sun and Earth; V, = V (1,O) + 5 log a (a - 1) is the 
“mean opposition magnitude,” where a is the semimajor 
axis of the planet’s orbit. Harris (Ref. 6) quotes the mean 
of V (1,O) over 23 oppositions: V (1,O) = - 9.25, with indi- 
vidual oppositions varying from -9.03 to -9.48. The 
reduction to mean opposition is -6.70 mag; therefore, 
V, = -2.55 for Jupiter. There appears to be a long-range 
variability in V ( l , O ) ,  but insufficient data are available 
to draw any conclusions about its period. The magnitude 
also increases linearly with increasing phase angle by 
0.1 to 0.4 mag over 12O (Ref. 16). 

B. Colors of Jupiter 
The U ,  B, V color system of Johnson and Morgan (Ref. 

17) and the R, Z color system of Hardie (Ref. 18) are 
adopted here. The zero point of the.V magnitudes was 
fixed to agree with the IPv magnitudes of the north-polar 
sequence. The effective wavelengths for solar radiation 
are given as 

U (ultraviolet) 0.353 p 

B (blue) 0.448 p 
V (visual) 0.554 p 

R (red) 0.690 p 
Z (infrared) 0.820 p 

The colors of Jupiter are given with respect to those 
of the Sun. For the Sun, zero points defined by 

U - B = 0.14 
B - V = O . 6 3  
V - R = 0.45 
R - I 0.29 

are used, where V is taken as V = -26.81 and is uncer- 
tain by not more than t 0 . 1  mag (Ref. 16). 

Jupiter’s colors are quoted by Harris (Ref. 16) from yet 
unpublished results of the McDonald measures of U ,  
B, V and measures of R and Z made by Hardie at the 
McDonald and Lowell Observatories. These measures 
give 

U - B = +0.48 
B - V =  t0.83 
V - R = +0.50 
R - I =  -0.03 

‘The effective wavelength of the V filter is X.rr = 0.554 p. 

The corresponding differences, Jupiter-Sun, are given 
for AV taken to equal zero: 

u =  f0.54 
B = +0.20 
V =  +0.00+0.04 
R =  -0.05 
I = +0.27 

Since these colors are based on broad-band filters, they 
are affected by differences in absorption bands. The 
colors are integrated over the disk of Jupiter and change 
with a net change of color as a result of variations in 
the belts and spots of its atmosphere. The error in the 
determination of magnitude for a given observation is 
about -10.02, but it has been seen that V changes by 
0.45 over 26 observations (Sect. IIIA). However, color 
differences and colors whose V is set at +O.OO mag 
should not change by such a large value. The error should 
be about k O . 0 4 .  

Kuiper (as discussed in Ref. 16) has measured inten- 
sities at 1 and 2p using a lead sulfide photocell and 
broad-band filters. He obtained 

for Jupiter, where this ratio has been adjusted to unity 
for stars of spectral type close to that of the Sun. Absorp- 
tion bands at 2 p are responsible for this small value. 

C. Albedo of Jupiter 

reflected in all directions to the incident flux. 
The Bond albedo A is defined to be the ratio of flux 

A = P4 
where p is the “geometric albedo” and q is the phase 
integral 

2 I‘ 4 (a) sin a d a  

with 4 (a) being the ratio of the flux reflected at the 
planet at phase angle to that reflected at phase angle 
zero. The geometric albedo can be measured from obser- 
vations, but since the phase angle of light reaching the 
Earth from Jupiter never exceeds 12 deg, the phase 
integral must be inferred from theoretical considerations. 

The geometric albedo p at the various colors for Jupiter 
is (Ref. 16): 

6 
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p ( U )  = 0.27 
p ( B )  = 0.37 
p ( V )  = 0.45 
p ( R )  = 0.47 
p ( I )  = 0.35 

The uncertainty is 5% in p. These values follow from the 
definition of p, 

logp  =0.4[m(Sun)-m(l ,O)]  

mean radius 
- 2 log i- 8.741 Earth’s mean radius 

where n ( 1 , O )  is the magnitude of Jupiter at unit distance 
and zero phase in the color concerned. For the Sun, 
Harris’ visual magnitude V (Sun) = -26.81 was adopted. 
An uncertainty of k O . 0 5  mag in V(Sun) introduces an 
uncertainty of 5% in p. Twenty-six observations spread 
over a century (Sec. IIIA) showed V(1,O) to vary 0.5 
mag. Thus, the albedo may change slowly with time. 

The phase integral 9 for a Lambert surface is 1.5. 
Harris (Ref. 16) has chosen q = 1.65 in the visual region. 
This gives a value of the Bond albedo in this visual region 
for Jupiter of 

A ,  = 0.73 

This value replaces the previous one of 0.51 quoted by 
Kuiper and Hams (Ref. 19). Assuming optically thick 
atmospheres, Horak (Ref. 16) determined from limb- 
darkening measures that the particle phase function must 
have a forward component which decreases with wave- 
length, becoming nearly isotropic in the ultraviolet. He 
obtained a value of q = 1.77. Harris chose a less extreme 
particle-phase function which did not weight the dark- 
ening results near the limb as much and thus obtained 
q = 1.65 for the visual region. Harris’ value for the Bond 
albedo in the visual region, A, = 0.73, is probably repre- 
sentative of the true value. Because of different weighting 
in the particle phase function, Horak‘s and Harris’ values 
of q differ by about 0.1. This error of about 7% in q, con- 
sidered with the error of about 5% in p, would imply an 
error of about 12% in A,.. Hence, the visual Bond albedo 
(5540 A) probably lies within the range 0.64 A, 4 0.82. 

Rocket measurements (Ref. 20) at a height of 140 km 
in the upper atmosphere indicate a Jovian reflectivity of 
0.26 at 2700A effective wavelength. The uncertainty is 
-+15%. A flux of 1.5 X le3 erg cm-2 sec-’ per 100 A was 
measured. For k4 (Rayleigh) scattering, the derived fluxes 
would be 10% greater, which is within the uncertainty. 

7 
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IV. OCCULTATION AND ECLIPSE RESULTS 

A. Mean Molecular Weight 

Baum and Code (Ref. 21) determined the mean molec- 
ular weight ,ii of the upper Jovian atmosphere through the 
occultation of u Arietis. They made the plausible assump- 
tions of an isothermal stratosphere, an atmosphere of 
negligible thickness with respect to the planetary radius, 
and a constant value of gravity in the locality of the 
occultation. Assuming g = 26OOcgs and a temperature of 
86OK for the stratosphere, they got a best fit for ji = 3.3. 
This value is unlikely to be wrong by more than 50%: 

2 L F L 5  

The low value indicates that the bulk of the Jovian 
atmosphere is composed of hydrogen and helium. Eighty- 
percent extinction took 10 sec. If the atmosphere were 
composed primarily of methane, the next-lightest gas, 
the star would have lost 80% of its light in only 1 sec. 
Hence, there cannot be a dominance of any gas other 
than hydrogen or helium in the upper regions of the 
Jovian atmosphere. 

6. Pressure Variation with Altitude 

barometric formula 
This variation can probably be approximated by the 

- - 

1 exp - (h ,  - h , ) E  RT 

where PI and P ,  are pressures at levels h,  and h2, respec- 
tively; and 

g = 2600 cg 
T = 86OK (stratospheric temperature) 
R = 8 X 10’ (gas constant) 
p = 3.3 (mean molecular weight) 

Only relative pressures can be obtained in this manner. 
In Section VI, a value of about 0.4 t 0.2 atm is derived 
for the pressure at the cloud level. This value is close 
to that of Kuiper’s second model of the upper Jovian 
atmosphere (Ref. 19). Kuiper assumed abundance ratios 
H, : He: CH, to be the same for Jupiter as for Uranus 
and Neptune. He determined these ratios for the latter 
planets by evaluating a parameter which roughly takes 
into account the change in abundance ratios from the 
initial to the present composition of the gaseous enve- 
lope. The observed Jovian CH, abundance then yields 21 
km-atm of H, and 32 km-atm of He. These values suggest 
a pressure of 2 atm at the cloud level. Kuiper’s second 
model also indicates that the top of the cloud layer is 
about 21 km below the tropopause. This model should 

be correct within an order of magnitude, judging from 
a comparison of pressures at the cloud level indicated 
by the model and computed in Section VI. This may 
mean that the region just above the clouds deviates from 
isothermalcy, and the above expression is valid only in 
the stratosphere. Below the clouds, the pressure variation 
depends on the temperature gradient. In any case, the 
pressure must increase very rapidly with depth (Ref. 1). 

The average molecular weight of Jupiter’s upper 
atmosphere is about seven times less than that of the 
Earth. On the other hand, its temperature is about half 
and its surface gravity 2.65 times that of the Earth. Hence, 
the percentage change of density or pressure from one 
level to another in Jupiter‘s atmosphere is similar to that 
in the Earth‘s atmosphere. 

C. Atmospheric Absorption and Refraction 

Eropkin (Ref. 22) measured photographically the ex- 
tinction of Sunlight due to the non-transparency of the 
Jovian atmosphere. Observations were made of the 
decrease in intensity of the Jovian satellites during 
eclipse. The difference between this integrated intensity 
curve and the theoretical curve for a transparent atmos- 
phere ranges from 3.2 to 3.7 min. If this difference is 
called q and the half-period of the transit of a satellite 
is called p ,  then the total extinction Q in units of the light 
falling on the Jovian disk xr2 is 

T r 2  ( 1 + - 

- 2 1  
P c o =  

0 = 0.09 % 0.02 c 

Thus, the extinction in the Jovian atmosphere amounts 
to about 9% of the entire amount of light falling on 
Jupiter’s disk. 

Eropkin’s eclipse curves (Ref. 22) show a decrease in 
brightness amounting to 3040% several minutes before 
the eclipse. Link (Ref. 23) suggested that the decrease 
represented the presence of an absorbing layer very high 
in Jupiter’s atmosphere. However, this large pre-eclipse 
decrease is not manifested in the Harvard visual observa- 
tions, in King’s photographic observations, nor in any of 
Harris’ photographic light curves, although he made a 
special effort to discover any such peculiarity. Such a 
decrease in intensity could not exceed 0.2% (Ref. 16). 
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Baum and Code (Ref. 21) have shown that differential 
refraction, rather than absorption, is the principal atten- 
uating factor in the upper Jovian atmosphere. When 
refraction is allowed for, the light curve of the eclipse 
does not “terminate”; rather, it decreases asymptotically 
to zero as l/time (Ref. 16). Kuiper’s visual observations 

note such a “halt” in the light curves near 14 mag, lasting 
1-2 min. With the 82-in. telescope, the eye can follow 
the eclipse to intensities fainter than the 0.2% set by the 
bright background on the photocell. Hence, it appears 
that Kuiper’s observations can be explained by the effects 
of refraction. 

V. COMPOSITION OF THE ATMOSPHERE 

A. Methane Abundance 

Kuiper (Ref. 19) made laboratory comparisons with 
planetary spectra to compile his Provisional Table of 
Atmospheric Compositions. A grating spectrograph of 
50-AImm dispersion was employed in the methane- 
abundance determination using the band at 0 . 6 4 9  p. An 
average path length of 2 air masses was assumed, since 
the atmosphere is optically thick. Kuiper thus obtained 
150 m-atm of methane above the cloud level of Jupiter. 

This result is approximate, because both temperature 
and pressure affect the shape and intensity of a band and 
because an adequate theory of line formation does not 
exist in an optically thick atmosphere. Comparison with 
a laboratory source near these correct values would have 
to be made for greater accuracy. If the accuracy is the 
same as in the ammonia determination, the true value 
should lie within -t50 m-atm of this value. 

6. Ammonia Abundance 

Dunham (Ref. 24) considered it probable that the total 
amount of ammonia vapor above the unit area of the 
reflecting layer on Jupiter corresponds to approximately 
5-10 m of the gas under standard conditions. The vapor 
pressure required to support this mass implies a tempera- 
ture of about lN°K if hydrogen is in great excess. This 
is in agreement with the radiometric temperature of 

140 * 10 deg and is well below the freezing point of 
ammonia; hence, the observed vapor must be in equilib- 
rium with the solid ammonia crystals. The vapor pressure 
is then a function of temperature only. 

Kuiper (Ref. 19), in agreement with Dunham, obtained 
7 m-atm of ammonia above the cloud level. This value 
is probably good to k 2  m-atm. 

C. Hydrogen Abundance 

Zabriskie (Ref. 25) reported that the atmosphere of 
Jupiter has 5.5 km-atm of hydrogen above the cloud level. 
It is unlikely that this abundance is below 4 or above 
6 Ian-atm of H, above the clouds (Ref. 26). Zabriskie 
derived these values from the (3-0) quadrupole lines of 
hydrogen found in the spectrum of Jupiter by Kiess, 
Corliss, and Kiess (Ref. 27). Equivalent widths were esti- 
mated by comparison with known solar lines, giving 0.08 
and 0.04 A for the S(1) and S(0) lines, respectively; the 
latter value was uncertain. 

At first sight, it may seem that Zabriskie’s value is rather 
low. Kuiper’s second model predicts 21 km-atm of H, 
above the clouds (Sect. IVB). In addition, one would 
expect Jupiter to retain more hydrogen than Uranus or 
Neptune. Herzberg (Ref. 28) obtained 8 km-atm of H, 
above the clouds of Uranus and Neptune from compari- 
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son of the pressure-broadened 8270-A quadrupole feature 
of hydrogen with a laboratory sample at 78OK and 100- 
atm pressure. This feature has not been observed on 
Jupiter. The estimated amount of methane is also greater 
for Uranus and Neptune than for Jupiter: 3 km-atm vs 
0.15 km-atm, respectively (Ref. 19). 

It must be remembered that these values refer to 
abundances above the cloud level. The measured ammo- 
nia abundance is 7 m-atm for Jupiter but is not detectable 
on Uranus or Neptune because of the very low vapor 
pressure occasioned by the low temperatures of these 
planets. One is thus able to see further down into the 
atmospheres of Uranus and Neptune, and hence, the 
higher measured abundances of H, and CH, are explained. 
It appears that the cloud layer on Jupiter is very high. 
There may well be more hydrogen on Jupiter than on 
Uranus or Neptune when the entire atmospheres are 
considered. 

Kuiper’s second model gives large abundance, because 
it overestimates the abundance ratios H,: He:CH,. When 
Kuiper’s analysis for the composition of his second model 
is applied to Herzberg’s data on Uranus and Neptune, 
one obtains (Ref. 19) for these planets! 

1% km-atm of H, 
373 km-atm of He 

3 km-atm of CH, 

Assuming the same ratios for Jupiter, one obtains 6.8 
km-atm of H,, which is in closer agreement with Zabriskie. 

Kiess, Corliss, and Kiess’ plates show superior resolu- 
tion in comparison with Dunham’s plates (Ref. 24). Iden- 
tified are 30 NH, lines in the A6450 band in Dunham’s 
plates and 50 in those of Kiess et al. In the A7920 region, 
Kiess et al. measure about 140 lines and identify 110 vs 
Dunham’s 39. Both observers used similar dispersions 
in the red. Kiess’ plates were thus able to resolve the 
Q (l), S (0), S (l), and S (2) lines of the (3-0) transition, 
thereby identifying H, spectroscopically in Jupiter. These 
lines agree to t0 .04A with the laboratory lines; thus, it 
does not seem likely that the wrong lines were measured. 
Herzberg (Ref. 29) stated that the minimum layer for 
detection of the (3-0) quadrupole lines of H, is about 
13 km-atm but that this may be accurate only within a 
factor of ten. The actual value will depend on the spec- 
troscope and dispersion used. Hence, this Report does 
not necessarily contradict the value of 5.5 km-atm meas- 
ured by Zabriskie from Kiess’ plates. 

D. Helium Abundance 

Helium has not been detected or measured in the 
Jovian atmosphere. However, there are some inferences 
one can draw from analogy with Uranus and Neptune. 

Herzberg (Ref. 28) observed three lines of the double 
transition (2-0), (1-0) in a laboratory spectrum of hydro- 
gen, of which only the 8166-A line was not hidden by 
strong methane absorption in the planetary spectra of 
Uranus and Neptune. 

A double transition arises in the (3-0) band when the 
(1-0) transition takes place in one collision partner and 
the (2-0) transition in the other. This produces more 
spectral lines and gives rise to “odd intensity ratios. The 
double transition is stronger than the single transition for 
pure H, at 7S°K in the laboratory. Just the opposite is 
observed on Uranus: The 8166-A line of the double tran- 
sition is fainter than the single-transition 8270-A feature. 

The weakness of the planetary double transitions with 
respect to the single ones probably means that the hydro- 
gen is strongly diluted with helium or nitrogen, so that 
most collisions suffered by the HZ molecule are with a 
partner other than H,. Experiments carried out using 3: 1 
and 9: l  helium to hydrogen mixtures show this strength- 
ening of the single-transition band compared to the 
double-transition band but with a smaller effect, because 
helium atoms are not such efficient collision partners as 
hydrogen molecules in inducing the single-transition band. 
The 3: l  ratio may be favored by spectral comparisons 
for a temperature less than about 78OK. 

Nitrogen is more active in inducing the single tran- 
sition, but its abundance would have to be, comparable 
with that of the hydrogen (Ref. 30). A comparable abun- 
dance would give a mean molecular weight near 15. In 
the case of Jupiter, such quantities of nitrogen are incon- 
sistent with the measured mean molecular weight, which 
is between 2 and 5 (Sect. IVA). 

If we make the assumption that the ratio He:H, is 
about the same for Jupiter, Uranus, and Neptune, then 
there should be roughly three times as much helium as 
hydrogen in the Jovian atmosphere. This figure is at best 
approximate; it is little better than an order of magni- 
tude. However, it should not be too large, or the frac- 
tionation will be difficult to explain. The ratio 3: 1 implies 
a mean molecular weight of 3.6 for the Jovian atmosphere. 
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VI. PRESSURE AT THE CLOUD LEVEL 

Kuiper's second model (Ref. 19) assumed H2, He, and 
CH, abundance ratios as derived for Uranus. However, 
the cloud layer is much higher in the case of Jupiter 
because of the increased turbulence and vapor pressure 
of ammonia. The stronger ammonia absorption obscures 
more hydrogen and methane. Assuming that the meas- 
ured abundances are those above the cloud level of 
Jupiter, the pressure at this level can be guessed: 

N T P  density Jouian abundance 
g/cm3 km-atm 

H, 8.9 x 10-5 5.5 
He 17.8 X 10-5 16.5 
CH, 71.4 X 10-5 0.15 
"3 75.9 x 10-5  0.007 

The partial pressures are given by the product of den- 
sity and length of tube containing the gas at standard 

temperature and pressure. An abundance of helium equal 
in volume to three times that of hydrogen is assumed. 
Abundances from Section V are assumed: 

Partial pressure, g/cm2 Partial pressure, aim 

H2 49 
He 294 
CH, 10.7 
"3 0.5 

0.048 
0.285 
0.010 
0.001 

0.35 
- 

The pressure at the cloud layer is thus about 0.4 atm, 
as indicated by present abundances. This value depends 
mainly on the assumed helium abundance. It is not likely 
that the true pressure exceeds 2 atm at the cloud level. 
An error of a factor of two in the helium abundance of 
the Jovian atmosphere results in a change in total pressure 
of 0.2 atm. 

VII. RESULTS OF MEASUREMENTS OVER THE DISK 

A. Urn6 Darkening 

Let light of intensity I leave the planet in the direction 
of a distant observer. The position on the planet at which 
this ray originates is referred to by the angle 0 = cos-' p, 
as shown in Fig. 3. This enables one to measure the 
intensity variation with angle of emission and thus deter- 
mine certain properties of the atmosphere. 

In a linear expansion of Z ( p )  about the point 1 - p, 

Z ( p ) = I ( I . O ) [ I  - - 6 ( l - p ) ]  

Plaetscke and Barabashev's (Ref. 31) measurements give 
a value for b = 0.9 in the ultraviolet and 1.2 in the red 
region of the spectrum. According to Van de Hulst 
(Ref. 32), the accuracy of these results was probably over- 
estimated. Kuiper (Ref. 32) found b = 0.48 at ,GWO A and 
b = 1 at X~8OO0, 13,000, and 16,000 A: 

I (p) = I (1) [ 1 - 0.48 (1 - p)] (ultraviolet) 

I ( p )  = Z ( 1 )  [1 - 1.0(1 - p)] (infrared) 
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1.52 

1.52 

1.01 

1 

1 

1 

Fig. 3. Planetary geometry 

Ultraviolet, 3,500 A Ref. 32 Linear 

Ultraviolet Ref. 16 Quadratic 

Visual Ref. 16 Quadratic 

Red, 8,000 A Ref. 32 Linear 

Infrared, 13,000 A Ref. 32 Linear 

1 6 , ~ ~  Ref. 32 Linear 

Kuiper’s values can be explained on the basis of the 
assumption that Jupiter’s cloud surface approximately 
follows Lambert’s law (b  = 1) and that the atmosphere 
above the clouds is very thin. This is not in contradiction 
with the results of Section V. 

A value of b higher than 1 might arise either from devia- 
tion from Lambert’s law or from real absorption in the 
atmosphere. The latest determination, and probably the 
best, assumes a quadratic expansion of 1 ( p )  in powers 
of ( 1 - p ) v a l i d f o r O L p L l :  

Z(p)  = Z(1.0) [l  - b ( 1  - p) + c ( 1  - p)2] 

It is very difficult to obtain reliable observations of 
1 ( p )  for p in the range 0 p 4 0.4. Therefore, it is very 
difficult to determine both b and c from observations. 
Instead, consider the intensity at the “characteristic point,” 
p = 0.5 or 0.866 of the distance from the center to the edge 
of the apparent disk, and define the ratio X (Table 2): 

This ratio has the important property that, to the extent 
that 1 ( p )  can be represented by a second-degree expan- 
sion, the geometric albedo (I11 C )  is equal to 

Table 2. Values of X = 2 - b + ‘h c vs h 
for limb darkening 

X Spectral region I I Source Assumed limb I darkening 

p = iZ(1.0) (1 + 2 X )  

Measures of p in the ultraviolet region give p (V) = 0.25, 
leading to X = 1.52, in agreement with Kuiper’s value 
for b, assuming that c is negligible (Ref. 16). This result 
alone could be interpreted as being due to isotropic 
scattering with albedo Eo = 0.85. However, according to 
Harris (Ref. 16), isotropic scattering cannot explain the 
results in the blue, visual, and red regions, as the com- 
puted values of X are too large for the corresponding 
values of the geometric albedo p .  In order to obtain 
agreement with the observed measures, it appears that 
one must postulate a forward-scattering particle phase 
function, such as f (cos e )  = Zo (1 + a cos e) .  Harris found 
Go = 0.98 and a = 0.6, for which p = 0.43 and X = 1.01, 
to explain the observations of Jupiter and Saturn in the 
visual region (Ref. 16). Limited accuracy of observations 
does not warrant use of a more complicated scatter- 
ing function. This analysis is the basis for the upward 
revision of the Bond albedo, 0.73 (I11 C). 

6. Band Absorption 

Knuckles (Ref. 19), using medium dispersion spectra, 
reported that the X6475NH3 band, when compared with 
the solar group at h6496, varies in time. In a week or 
two, it may change in intensity by a factor of two. He 
further noted that while the Jovian polar region, on the 
whole, shows somewhat weaker absorption than the 
center of the disk (by a factor of 1.5), methane band 
strength appears constant over the disk. 

In 1953, Hess (Ref. 33) reported surprisingly small 
center-to-limb variation in the strengths of NH, and 
CH, bands. The strength of absorption of NH, at 6441 A 
and CH, at 6190A on Jupiter was seen to decrease 
slightly, rather than increase, toward the limb. Near the 
limb, the atmosphere is seen through obliquely, and 
hence, light should traverse a much longer absorbing 
path than it does near the center of the disk, where 
the path through the atmosphere to the cloud layer is 
minimal. This picture implies that greater absorption 
should be observed toward the limb. 

The picture must be modified in light of these measure- 
ments. The observations made at -+60° of longitude and 
latitude of the disk would have indicated a path length 
double that at the center of the disk. The methane above 
the clouds should all be gaseous at the temperature of 
Jupiter. The ammonia should be in equilibrium with its 
solid state, and hence, the amount of vapor, governed 
by the vapor pressure, should be a function of tem- 
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perature. On the other hand, the amount of methane 
found above a given point is a measure of the depth 
of that point. 

There are now three ways in which Hess’ observations 

1. The cloud surface of Jupiter rises toward the limbs, 
at least in the region within 60° of the center of 
the disk. Hess computes the cloud layer to be 10-12 
km higher at -t60° longitude than at Oo. This 
would be interpreted to mean that the mid-day 
heat of the Sun evaporates the upper strata of the 
cloud layer. The higher level at k60° obscures 
enough methane to account for the constant absorp- 
tion over the disk. 

might be explained: 

Hess finds that the NH, bands are slightly 
weaker at high latitudes than at the equator and 
much weaker near the morning limb. They are, 
however, nearly as strong at the evening limb as 
at the subsolar point. The temperature at the cloud 
level is connected with the amount of ammonia 
observed through the vapor pressure at the cloud 
level. Hess thus computes a temperature decrease 
toward the poles of about 6OK between the equa- 
tor and latitude -+60°. The morning limb is cal- 
culated to be 4-5” cooler than the evening limb 
at +60° longitude on the equator. He finds the 
morning limb to be 8-10 and the evening limb 
P 9 O K  lower in temperature than the central 
meridian (Ref. 33). 

2. The cloud surface is actually level, and the relative 
uniformity of methane absorption on Jupiter occurs, 
because the absorption falls on that portion of the 
curve of growth which lies between the linear and 
the square-root absorption regions (Ref. 33). In this 
region, the slope of the curve of growth is nearly 
zero, so that an increase of methane in the path 
would produce little or no increase in absorption. 
Hence, the constancy of methane absorption over 
the disk would be explained. 

3. The cloud layer is actually level but is diffused by 
a covering layer of tenuous fog in the atmosphere 
(Ref. 30). In other words, we see about as deep 
into the atmosphere in one direction as in another. 
The cloud level has faded into the background 
at the subsolar point. Hence, absorption would be 
measured to be constant over the disk. 

Hess gave two possible objections to observation 2. 
One is that the absorption is not exactly uniform, a slight 
decrease of absorption toward the limb taking place 

rather than the slight increase implied by the region of 
the curve of growth. The second objection is that this 
region of the curve is reached only after a line has 
become saturated; that is, becomes rather dark at the 
center. The 6190-A band of Jupiter’s spectrum has 16.6% 
absorption. This band consists of 14 superimposed bands 
and, hence, is probably unresolvable. This implies that 
the composite band departs from complete absorption, 
because the lines composing it are unsaturated, not 
because the spectrograph integrates saturated lines with 
the adjacent continuum. It appears that the methane 
lines are not saturated. This suggests that observation 2 
may not hold. 

If the cloud surface is diffused, the temperatures deter- 
mined by Hess are those of the effective level of penetra- 
tion of the light rather than of the cloud surface proper. 
However, the altitude difference supposed by Hess to be 
that of the cloud level was based on half the measured 
path of methane being at _+60° and so corresponds to 
an effective level of penetration by 6190-A light rather 
than of the cloud level. 

C. Polarizafion Measurements 

Lyot’s polarization measurements (Ref. 34) neither 
contradict nor confirm those of Hess. His observations of 
the north and south polar regions extended to a latitude 
of 30° from the pole. He found that the polar regions 
may be covered by a fairly thick atmosphere in which 
Rayleigh scattering takes place. At the east and west 
equatorial limbs, he obtained values of the polarization 
p = 0.0024 and 0.0032, respectively (Ref. 19). Both the 
sign and the order of magnitude are different than in 
the polar regions. We have to assume that the atmosphere 
in the equatorial limbs is not very thick (Ref. 32). A thick 
atmosphere implies illumination of the atmosphere by 
the atmosphere; but a thin atmosphere is illuminated 
by the ‘%bottom surface.” It follows qualitatively that in 
the first case a negative, and in the second, a positive 
polarization results (Ref. 32). The extent of the visual 
grey regions and the sign of the polarization seem to 
coincide. This supports the view that the cloud level 
drops very rapidly in the polar regions as compared 
with the equatorial limb. 

Dollfus (Ref. 30) was unable to confirm Hess’ results 
and found that his polarization measurements can be 
explained by a tenuous fog. However, he confirmed 
Lyot’s results by finding that the polar regions appear 
to be free of clouds, as the light scattered is polarized 
as expected for a pure gas. 
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Dollfus noted that over a central area, the polarization 
on the Jovian disk remains uniform. This polarization 
was observed to decrease with phase, from at 
2 deg phase to -6 X at 12 deg phase (Ref. 35). 
Also, over a large central area, the polarization was not 
observed to be strongly dependent on wavelength. Its 
value at 11.7 deg of phase (maximum phase) lies within 

Over the polar regions, Dollfus found the polarization 
to be independent of phase angle. The predominant 
vibration is always perpendicular to the limb. The value 
of the polarization is maximum at the pole and decreases 
to the value at the equator at a latitude which may be 
as low as 35O: 

-5.8 x 10-3 1 x 10-3. 

P = 0.06 to 0.08 at the poles 
P-0.02 at 0.1 the distance from the limb of the 

P = -0.007 to 0 at 0.2 the distance from the limb of 
disk to the center 

the disk to the center 
Finally, Dollfus observed that the polarization increases 
toward the limb, depending on phase. The increase is 
least for maximum phase. 

Hence, except for the polar regions, the polarization 
is dependent only on the phase angle and the distance 
to the center of the disk. 

The above measurements are Dollfus’ basis for the 
conclusion that a tenuous fog overlies the cloud layer on 
Jupiter. The previous model of an optically opaque cloud 
layer overlaid by a transparent gas contradicts the obser- 
vations. The polarization of this model would increase 
rapidly with phase angle and would vary as As this 
is not the case with Jupiter, the atmosphere is assumed 
to be contaminated by a thin fog, whose polarization is 
of a sign opposite to that of a pure gas. Tables of scatter- 
ing functions imply that particles of 1 p diameter would 
behave in this way. 

The fog must be thinner over the dark belts than over 
the bright zones and must disappear above the polar caps 
(Ref. 35). Thus, the cloud layer at the poles must be 

very shallow indeed. Dollfus’ conclusions are consistent 
with photographic records obtained in different spectral 
regions. 

Urey (Ref. 30) objected to Hess’ picture on the ground 
that the heat capacity of the Jovian atmosphere is prob- 
ably too great to cause a change in temperature of lOoK 
at a given layer of the atmosphere in only 100 min (the 
time for a point in the layer to go from the subsolar point 
to longitude - 6 O O  on the disk). In the presence of a thin 
fog, Hess’ temperatures would refer to different effective 
layers, depending on the effective depth and angle of 
penetration of the observed light. It is more likely that 
the observed temperature difference is due to deviations 
from isothermalcy in the lower part of the visible Jovian 
atmosphere rather than to secular changes at a given 
level implied by an atmosphere whose cloud level de- 
pends on the apparent position of the Sun. Much of 
the Sun’s energy will go into the heat of condensation 
of frozen amqonia particles before the temperature will 
rise, causing a decrease in the height of the cloud level. 

D. Conclusion 

In conclusion, combined polarization and absorption 
measurements indicate that a tenuous fog exists near the 
upper cloud layer; as a result,’the cloud layer may be 
relatively level. This effect, however, does not scem to 
explain the higher temperature of G ° K  found for the 
evening limb with respect to the morning limb. If real, 
this difference suggests that the cloud level does indeed 
vary in elevation. Urey’s objection would be overcome if 
secular changes in temperature near the cloud level were 
very small. A temperature gradient of about 0.8OK/km 
would then correspond to Hess’ results if the fog absorbed 
negligibly. Zabriskie (Ref. 25) found that the temperature 
at the cloud level is about 170°K, and possibly as high 
as 200°K. This is close to the melting point of ammonia, 
195OK. The depression of the cloud level in the center 
of the disk would be explained as being due to the 
sublimation or melting of ammonia crystals by the Sun’s 
heat near the subsolar region of the disk. 
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VIII. TEMPERATURES AND ENERGY BALANCE 

A. Temperatures 

1. Radiation Temperature 

The maximum radiation temperature is the temperature 
at the subsolar point on a nonconducting, nonrotating 
body, at the mean distance of the given body from the 
Sun, with albedo equal to the visual albedo. The maxi- 
mum radiation temperature of Jupiter is 120cK. 

The mean radiation temperature of Jupiter is %OK. 
To derive this temperature, it is assumed that the body 
receives radiation upon an area 7;R2 but radiates from an 
area 4zR’ as a result of its rotation. 

These theoretical figures are approximate. Their low 
values are a result of the high visual albedo and the 
assumption that the albedo in the infrared is zero. On 
the basis of the accuracy of the value for the visual albedo 
only, the uncertainty in these temperatures is 9!%. 

2. Radiometric Temperature 

The radiometric temperature is the temperature 
obtained from water cell transmission in the 9-13 p region 
(Ref. 36). For an assumed emissivity, this gives a tem- 
perature for Jupiter of 140+1OCK, using the value 0.73 
for the albedo (IIIC). This is the “gray-body” tempera- 
ture at the effective level of formation of 9-13 p radiation. 

3.Temperature at the Cloud Level 

The temperature at the top of the cloud layer was deter- 
mined by Zabriskie (Ref. 25) to be 170°K or higher; 
possibly as high as 200OK. Kuiper (Ref. 19) chose two 
models of quite different H,:He:CH, ratios and obtained 
temperatures of 168 and 165OK, quite insensitive to the 
composition of H2 and He, using the 6450-A ammonia 
band, the strength of which is quite sensitive to tempera- 
ture on Jupiter. These temperatures refer to an effective 
level of penetration of light from the 6450-A region in 
the Jovian atmosphere. 

4. Temperature Variation with Depth 

It is assumed that the temperature in the stratosphere 
is constant. It is given as about 2-% times the mean radia- 
tion temperature, since the Gold-Humphreys theory 
should approximately apply to Jupiter’s atmosphere, 
which contains CH, and possibly other polyatomic mole- 
cules (Ref. 19). This yields a temperature of roughly 

71°K; and it may be higher (Sect. VIIIA-1). The tem- 
perature starts to increase with depth at the tropopause 
and has an unknown form below the cloud level. Wildt 
(Ref. 8) stated: “An adiabatic temperature gradient per- 
sisting over any large depth below the cloud level is 
clearly impossible because high temperatures would be 
reached very soon. Methane would then be destroyed 
irreversibly, and convective exchange with the atmos- 
phere above the clouds would long ago have deprived 
it of all methane, which is so prominent a spectroscopic 
feature of.all the giant planets. There remains the pos- 
sibility of a sub-adiabatic temperature gradient extend- 
ing to great depths.” 

6.  Energy Balance 
Since only a very minor portion of Jupiter’s thermal- 

emission spectrum has been observed (from 8 to 14 p, 44 p ,  
and 3 to 4 cm), and since these regions are not repre- 
sentative, no accurate conclusion can be drawn as to 
the present magnitude of the heat flux from the interior. 

If Jupiter’s surface temperature is greater than 223OK, 
the peak of the black-body radiation is to the short wave- 
length side of 13 p, and the “greenhouse effect” will really 
become effective (Ref. 37). Ammonia can radiate at low 
temperatures only in the region of 100 to 200 cm-] and 
near 1OOO-’ cm, while the maximum black-body radiation 
at 105OK is 370 cm-’. Since methane radiates only at 
higher frequencies than ammonia; no very effective infra- 
red radiator is known to be in the higher atmosphere. 
Therefore, it is likely that the radiation from Jupiter origi- 
nates at the deeper layers and is only partly absorbed 
by overlying colder layers (Ref. 36). 

In the ultraviolet, Kiess et al. (Ref. 27) found a large 
tapering of the intensity with decreasing wavelength as 
compared with the spectrum of the Moon. The cause 
of this absorption is unknown. 

Not much is known about the energy balance of Jupiter. 
The strongest absorbing molecule in the thermal region 
seems to be ammonia, but unknown species may be 
present. A weak line of methane has been detected at 
44 ,.L (Refs. 19,37). The abundance of methane may partly 
offset the small percentage of molecules in the upper 
state of this transition, so that radiation from the surface 
at this frequency would be inhibited. On the whole, 
fairly free radiation to space may occur, inhibited only 
by a few bands and an inefficient infrared scattering 
process (Ref. 37). 
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IX. RADIOFREQUENCY RADIATION 

18-1 9 

18.3 
22 
26.6 
38 
81.5 

A. Decameter Waves 

1. Spectrum 

Most of the Jovian decameter radiation occurs in short 
bursts which fall in the frequency range of a few mega- 
cycles to 30 mc per second. The Earth's ionosphere 
filters out the lower-frequency waves, while there is an 
absence of Jovian emission at the higher-frequency side 
of the spectrum. The Earth's ionosphere also acts to 
reflect interference from distant thunderstorms and radio 
stations into the antennas. 

The most active frequency lies between 18 and 19 mc 
and is detected about 10% of the observing time (Refs. 
3, 38). The spectrum falls off remarkably with increasing 
frequency. An intense source at 22.2 mc occasionally 
reaches an intensity ten times that from the Crab nebula 
(Ref. 39). At the same time, a 38.7-mc interferometer 
having twice the gain of the 22.2-mc array failed to 
show any detectable trace of such a noise. The Crab 
nebula gave a trace having 15 times the background 
noise level. The tentative conclusion was that the maxi- 
mum of the radio emission lies below 38 mc (Fig. 4). 

1 o-'# 
>.5 x 
>.2 x lo-21 

lo-" 

< 
< 3 x 

much as 10-ly w/m'/cps (Ref. 38), which is about 200 
times as great as that from the most intense radio star. 

The intensity of emission in the 18- to 27-mc region 
of the spectrum is also high. For 18.3 mc, Shain (Ref. 40) 
derived an intensity greater than 5 X lo-" w/m'/cps 
(compatible with the previous value), while at 2.2 mc, 
Smith (Ref. 41) obtained a value of at least 2.2 X lo-*' 
w/m'/cps from Jupiter. Smith also reported that emission 
was not observed at 38 and 81.5 mc. This means that even 
if Jupiter does radiate here, the intensity of the emis- 
sion must be less than and 3 X w/mz/cps, 
respectively. 

Observations at 26.6 mc (Refs. 42, 43) made with an 
interferometer consisting of two corner reflectors each 
having 6 colinear halfwave dipoles as the active element 
yielded a peak power flux several times the strong Cassi- 
opeia A source, corresponding to the order of 10 kw/cps 
bandwidth at Jupiter. This corresponds to about le2* 
w/m2/cps at the Earth. Table 3 summarizes these results. 

Table 3. Comparison of fluxes at various frequencies 

0 1 1 1  I I  I l l 1  I I I I I  I l l  I I  
IO 12 14 15 18 20 22 24 26 ~ 

FREQUENCY, mc 

Fig. 4. Relative probability of emission of radiation 
from Jupiter at various radiofrequencies 

Subsequent observations have verified this conclusion. 
Only rarely has the emission extended to frequencies 
as high as 38 mc. It has already been stated that the 
maximum-occurrence frequency is near 18 mc (Ref. 3). 
This also appears to be the frequency of the most intense 
fluxes. In terms of the absolute energy received at the 
Earths surface, the 19-mc bursts produce fluxes of as 

1 Source Flux I mc 

Ref. 30 
Ref. 40 
Ref. 41 
Refs. 42,43 
Ref. 41 
Ref. 41 

Expressing the relation between flux density I and 
frequency V in the form Z = V-", the results up to 1958 
indicate (Ref. 44) that the spectral index n is greater than 
5 between 22 and 81.5 mc and greater than 5.5 between 
22 and 38 mc. 

2. Total Decameter Radiation Power 

Gallet (Ref. 15) estimated the radio power output of 
Jupiter per unit surface to be 100 times that of the quiet 
Sun. The total radiated power for a black body at 15O0K 
is about 7.2 X 1Ols w for Jupiter, whereas the total 
average radio power is about 7 X 10" w. Thus, on the 
average, radio emission is still an inconspicuous fraction 
of the thermal radiation. 
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Frequency 1960 longitude of pmk 
mc deg 

! 

3.Nature of the Bursts 

The Jovian bursts tend to occur in “storms.” They do 
not occur constantly or produce steady emission, as is 
the case with the decimeter radiation. There is little or 
no correlation between pulses separated by more than 
1 or 2 mc. In fact, the correlation between channels 
generally becomes poor when the receiver frequencies 
differ by a few tenths of a megacycle. However, it appears 
that increased sensitivity may extend this correlation to 
1-mc width (Ref. 3). Some pulses still have widths of 0.4 
and 0.2 mc (Ref. 3). The effective bandwidth of the 
dynamic spectrum is thus close to 0.5 mc. 

Pulses tend to occur in pairs and triplets as well as 
singly. Groupings occur in which millisecond pulses 
are separated by f i  and $40 sec (Ref. 44). However, most 
of the pulses are from about 0.2 to 2 sec in duration, while 
the bursts themselves may last only a few seconds or as 
much as a minute (Ref. 38). 

There is only a general correlation between the appear- 
ance of bursts at different frequencies. Observations of 
the same event at two locations imply that the Earth‘s 
ionosphere produces a local scintillation having a period 
of about 30-40 sec, superimposed on a more rapid one 
which distorts individual pulses (Ref. 3). This is thought 
to be the primary cause of the lack of correlation in the 
appearance of the bursts at different frequencies. Fre- 
quency drifts on the order of a few megacycles per 
minute for the storms were common (Ref. 3). 

Gallet (Ref. 15) estimated that, on the average, 0.3 
pulses per second occur which can be detected. This 
number would be a lower limit for the Jovian activity. 

The Jovian activity varies with time approximately in 
an inverse relation to the sunspot cycle (Ref. 3). The 
activity went through a minimum in 1959. Several more 
years must pass before the closeness of this correlation 
can be ascertained. 

When the bursts are plotted in a histogram (see Sect. 11), 
they show surprisingly sharp maxima. These maxima 
remain fixed with respect to one another, indicating that 
the sources of the Jovian decameter radiation are anchored 
to the solid surface. The most active surface source is 
visible only over 1 3 5 O  of longitude, while most of its 
emission at 18 mc is contained within 20° of longitude 
(see Fig. 1). This means that the radio bursts are strongly 
directional. The directionality was attributed to the 
presence of a Jovian ionosphere; however, Carr et al. 
(Ref. 3) showed that the peak widths become narrower as 
the frequency increases. This phenomenon is inconsistent 
with the hypothesis that the directional characteristic of 

Jovian radio emission is imposed by a Jovian ionosphere. 
There is no great difference between the 1959 and 1960 
peak widths at various frequencies (Ref. 3). 

Gallet (Ref. 15) gave the value of the radiated power 
per pulse as about 100 kw/cps and the total radiated 
energy per strong pulse as lo1’ j. These figures are orders 
of magnitude. However, at least 10” j/mc of bandwidth 
have been observed (Ref. 44). 

4.Location of the Sources 

Three principal sources are distinguished on Jupiter. 
Their longitudes seem to vary with frequency (Ref. 3), 
and nothing is known about their latitudes. The principal 
source is located at about 2 5 0 + 1 5 O  in System 111 
longitude (Table 4). The second-largest source in System 
I11 is located at about 135e10°, and the third at about 
330+200. 

Table 4. System 111 longitude of the 1960 principal 
source vs frequency 

10 

16.7 

18 

20 

22.2 

267 

25 1 

249 

24 1 

236 

5. Polarization of the Bursts 

The decameter radiation from Jupiter is circularly or 
elliptically polarized about 95% in the right-handed sense 
(Refs. 3, 45). The polarization has the same sense when 
measured both in the northern and southern hemispheres, 
so that the Earth’s ionosphere cannot be responsible for 
the polarization. This effect, therefore, originates on 
Jupiter and is good evidence that Jupiter has both an 
ionosphere and a magnetic field (Ref. 46). 

The axial ratio exhibits a large random fluctuation 
(Ref. 3) which is probably due to ionospheric scintillation 
in the Earth‘s atmosphere. However, in almost all cases, 
it is negative. Tables 5 and 6 give values of the axial 
ratio as obtained by Carr et al. (Ref. 3). 

6. Correlations With Visible Phenomena 

Photoelectric observations of Jupiter in Ha and white 
light over three occasions of strong radio signals showed 
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Chile 

Florida 

Florida 

Table 5. Polarization measurements of Carr et al. (Ref. 3) 

1960 882 96 -0.34 

1960 33 94 -0.10 

1958 30 100 -0.53 

Table 7. Observed disk temperatures vs wavelength 

10 * 
3.03 c m  

3.15 cm 

3.17 c m  

3.36 c m  

3.75 c m  

10.2 c m  
21 c m  

22 c m  

31 c m  

32 c m  

68 c m  

Polarization 1 location 1 Date I No. of pulses I yo I :::E1 

140 t 10 

171 t 20 19' 

145 f 18 

173 t 20 

189 + 20 

15 t 2 

17" 
15 t 2,17 

(200) & 200 15 

2500 t 450 5.7" 

3000 * 1700 

5500 t 1500 

7500 t 2500 1 5 + 6  

640 t 85 6 * 2  

7.5 * 3 

5.7 f 1.6 

70,000 + 30,000 

I I I 

90-1 80 

190-280 

280- 10 

223 -0.32 0.20 

608 -0.36 0.17 

39 -0.24 0.26 

Table 6. Axial ratios of Chile data averaged 
by activity zone 

0. Microwave Radiation 

1. Spectrum 

Microwave radiation has been measured from 3.03- to 
68-cm wavelength. Since this region is well above the 
infrared, where most of the planet's thermal radiation is 
emitted, one would expect the flux to fall off as for 
black-body (or thermal) emission. It must also be assumed 
that the temperature over the range of the depth of pene- 
tration of microwave radiation would change negligibly. 

The flux observations are summed up in Table 7 and 
Fig. 5. The flux at about 3.2 cm is approximately 15 X 
w/m2/cps at the telescope (Fig. 6). At 22 cm, it has 
dropped to about 6 X w/mZ/cps but increases with 
wavelength approximately as h+o.2 (Ref. 52). The mini- 
mum falls at about 7- to 8-cm wavelength (Ref. 55). This 
suggests that the microwave emission below about 5-cm 
wavelength is primarily thermal, while that greater than 
10 cm is primarily non-thermal (Ref. 56). 

When the fluxes are converted into disk temperatures 
Td of a black body subtending the same solid angle as 
Jupiter by means of the relation FA = 2K a (Td/hZ),  the 
disk temperature is seen to become implausibly high. 
Field (Ref. 56) shows that a hot atmosphere cannot 
account for the bulk of the microwave emission. Thus, 

Flux q in terms 
of 1 d h Z  Wavelength Disk temperature I O K  O K / c r n Z  

Source 

Ref. 48 

Ref. 47 

Ref. 47 

Ref. 49 

Ref. 50 
Ref. 51 

Ref. 52 

Ref. 53 

Ref. 51 

Ref. 52 

*Flux from Ref. 54. 

it does not seem that the temperature gradient below 
the clouds could rise fast enough to account for the 
increase in disk temperature with effective depth of pene- 
tration of the longer microwaves. Hence, the longer micro- 
waves are nonthermal in character. 

The temperatures in the thermal region of the micro- 
wave spectrum are close to the radiometric value, 140°K 
+-lo. On the average, they are higher and increase with 
wavelength. This emission is interpreted as thermal emis- 
sion from ammonia in the region near the top of the 
cloud layer (Ref. 47). The gaseous ammonia radiates 
through the inversion line at 1.28 cm, pressure-broadened 
by the presence of hydrogen and helium. Thermal radia- 
tion from lower levels in the atmosphere may compose 
a non-negligible fraction of the higher-temperature radia- 
tion at longer wavelengths in the centimeter and deca- 
meter region, although it cannot account for most of it. 

I 

lopoo t T lopoo 

Y 

IO00 

100 
0 10 20 30 40 50 6 O i  

I 
40 50 6 O i  

A, cm 

Fig. 5. Microwave spectrum of Jupiter vs equivalent 
black-body temperature 
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I I I 1  I I I I I  I 1 In 1959, Sloanaker (Ref. 50) and McClain (Ref. 51) 

The value of the disk temperature at 10.3 cm seemed 
to drop by a factor of two from 1958 to 1959. The 1958 

I I 1 I , I  I I 

\ 
2 3 4  6 10 

0 OBSERVED FLUX DENSITIES 
0 OBSERVED FWX DENSITIES 

-130-K BLACK BODV 

+130°K BLACK BODY 

r 

reported tentative periodic variations of 30% in tempera- 
ture, roughly correlated with System 11. Observations 
were at 10.3 and 21 cm, respectively. This effect was not 
observed at 31 cm. There may have been a local zone of 
increased emission near Jupiter’s poles if this variation 
was real. Its period was 40 sec-2 min longer than that 
for System 11-indicating high latitude for a source in the 
atmosphere. 

However, Roberts and Stanley (Ref. 53) combined the 
observations of a number of sources and came to the con- 
clusion that the variations were not significantly greater 
than those for the other weak sources. They found no 
significant correlation of these variations with System 
I or I1 longitude or with the Sacramento Peak Flare Index. 

The 31-cm radiation from Jupiter was found to be 
strongly linearly polarized in a direction nearly parallel 
to the equatorial plane (Ref. 57). The electric vector 
parallel to the equatorial plane is about 1.7 times as 
intense as in perpendicular polarization. No detectable 
pattern was observed when the antennae were cross- 
polarized in position angles of 0 and 90 deg. This implies 
the absence of any circularly polarized component greater 
than 6% of the radiation and that the vector of the linear 
component lies within t 1 2 ”  of Jupiter’s equator. Obser- 
vations with an antenna separation of 400 f t  gave values 
for the degree of polarization between 25 and 43% for 
horns +45O from “north.” For horns set “north and ”east,” 
a mean polarization of 22% was obtained. These obser- 
vations are consistent with an equatorial ring of mean 
diameter about 2 min of arc; that is, about three times the 
diameter of Jupiter. The maximum resolution was 2 min 
of arc, and the radiation thus measured coming from the 
outer part of this zone was observed to be more strongly 
polarized. I t  appears that 31-cm radiation is coming from 
the Jovian equivalent of a Van Allen Belt. 

3. Secular Variation 

At 3.15 cm, a disk temperature of 145OK +18 was 
measured (Ref. 48) in the 1957 opposition, while in 1959, 
a value of 173OK k20 was obtained (Ref. 47). The appar- 
ent increase is 1% times the probable error. 

radio radiation received from Jupiter, because Jupiter’s 
31-cm radiation is almost completely plane-polarized. This 
difference in angle could account for the lower 1959 inten- 
sity. However, a very large polarized component of about 
10 times the measured intensity would be required to 
account for the entire change in this way. 

4. Source 

Of the theories presented, only the Cyclotron and the 
Synchrotron theories can account for both the observed 
intensity and polarization (Refs. 56, 59). These models, 
however, imply either a very high magnetic field or an 
inexplicably high flux of energetic electrons. 

The Cyclotron theory can account for the observed 
intensity (Ref. 57) if the electron density is similar to 
that in the Earth‘s Van Allen belt and a magnetic field 
of 300 gauss exists in the region of emission. This implies 
a field on the order of 10’ gauss at the planet’s surface. 
Field (Ref. 59) found that at least a 1200-gauss polar 
field must exist if the Cyclotron radiation from trapped 
electrons in a Van Allen-type belt is responsible for the 
emission. 

Synchrotron radiation from relativistic electrons trapped 
in the Jovian magnetic field requires a very high particle 
density but can accommodate a much lower magnetic 
field. Relativistic electrons in a layer of depth D = 1 O ’ O  

1 9  
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cm =1.4 times Jupiter's radius in a field of 7 gauss, plus 
the condition that the brightness temperature equal the 
observed disk temperature at 31 cm, require that the 
number of electrons with energy greater than 1 Mev be 
about lo-' per cm3. This exceeds the estimated density in 
the Earths Van Allen Belt by a factor of 3 x lo4 (Ref. 53). 

No observations of polarization and source size vs fre- 
quency have been published yet. Such observations may 
distinguish between the two mechanisms (Ref. 56). 

No splitting of spectral lines due to a very large mag- 
netic field has been observed. 

X. THE JOVIAN MAGNETIC FIELD 

A. From Decameter Waves 

If, in addition to the measured axial ratio (Tables 
5 and 6 )  of the polarization ellipse, the magnetic latitude 
of the sources and the critical frequency are known, the 
magnetic-field intensity on Jupiter can be calculated by 
means of the Appleton formula. Carr et al. (Ref. 46) 
made seemingly possible guesses of Z O O S  for the lati- 
tude and 17 mc for the critical frequency. The latter is 
deduced from the width of the active longitude sector 
and assumes that a Jovian ionosphere is responsible for 
limiting the direction of decameter waves. These assump- 
tions lead to a value for the magnetic-field intensity in 
Jupiter's ionosphere of 7 gauss. 

Later, Carr et al. (Ref. 3) found that the ionosphere 
probably is not the cause of the directional properties of 

Jovian emission, because the widths of the histogram 
peaks decrease instead of increasing with frequency. This 
lends doubt to the validity of the 7-gauss value of the 
magnetic field. 

6. From Decimeter Waves 

Section IXB-4 states that if the decimeter radiation 
arises from a cyclotron process, at least a 1200-gauss- 
possibly a lO'-gauss-magnetic field exists on the Jovian 
surface. If the Synchrotron process holds, the magnetic 
field could be low (e.g., 7 gauss), but then, the particle 
density of relativistic electrons must be on the order of 
lo4 times that estimated in the Earths Van Allen Belt. 

20 
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